Abstract: Arsenic is an environmental pollutant with carcinogenic properties that is found in many regions of the world but that poses a health risk primarily in economically disadvantaged areas. In these areas, arsenic ingestion affects various tissues, especially skin in which it acts as a comutagen with the ultraviolet component of solar radiation. Both epidemiological and experimental evidence indicates that arsenic and ultraviolet radiation act on signaling pathways that effect the expression of cyclin D1. We have previously employed an in vitro model system of human epidermal keratinocytes to study the effects of submicromolar concentrations of sodium arsenite on cyclin D1 expression. Here, we employed this system to demonstrate concordant cyclin D1-related induction profiles of ultraviolet B radiation and arsenite using cDNA microarray analysis. We also show that both of these agents act epigenetically to bring about demethylation of the cyclin D1 promoter.
A rsenic is a prevalent environmental pollutant that is found in a variety of environmental settings worldwide. High concentrations of arsenic are found in the groundwater in the American Southwest, Northern Mexico, Chile and Taiwan. Arsenic is also prevalent in numerous disposal sites in which various arsenic containing wastes are found (for example, chromated copper arsenic treated wood or gallium arsenidebased semiconductors). Chronic exposure to arsenic leads to hypertension as well as vascular degeneration and neuropathy of the extremities (Blackfoot disease and Reynaud's syndrome respectively [1] [2] [3] ). The link between arsenic and cancer is also well documented epidemiologically. [4] [5] [6] Long-term ingestion of arsenic leads to an increased risk of Bowen's disease, a hyperkeratotic skin lesion that develops into malignant carcinoma [7] [8] [9] and there is also an elevated risk of developing cancers of the lung, bladder, and other internal organs. [10] [11] [12] [13] [14] Inhalation of arsenic-containing dusts generated from the processing of non-ferrous metal ores (e.g., by workers in copper mines) results in a significantly greater risk of lung cancer. 8, [15] [16] [17] Economically disadvantaged groups, particularly African American and Hispanic minority populations tend to have higher rates of exposure to arsenic and other toxic agents from industrial sources than other groups. 18 This is due in large part to the fact that toxic waste dump sites are much more likely to be located in economically disadvantaged neighborhoods, as was noted in a report from the federal government's General Accounting Office as early as 1983 (available at: http://archive.gao.gov/d48t13/121648.pdf). Members of these populations also tend to work in occupations (e.g., waste disposal, manufacturing involving raw materials, construction) where there is a greater risk of exposure to hazardous agents.
Skin pigmentation characteristic of Hispanic and African Americans affords protection against both melanoma and nonmelanoma skin cancers and the incidence of these cancers, particularly in African Americans, is substantially lower than for Caucasians. On the other hand, occurrence of skin cancer in persons of color tends to be associated with significantly greater morbidity and mortality compared to Whites. 19 There are several reasons for this. For one, minorities tend to have less access to medical care both because of a lack of financial resources/health insurance and because of the unavailability of medical facilities in poor neighborhoods. In addition less information on treatment resources and early intervention is available in minority communities and thus cancers of all types tends to be diagnosed at a more advanced stage.
arsenic and cyclin D1. Much research related to arsenic's oncogenic properties has been focused on cell cycle regulatory mechanisms including modulation of the activities of the so-called 'gatekeepers' p53 and p21 signaling pathways that are thought to bring about unscheduled DNA synthesis by inducing premature transition into S phase. [20] [21] [22] Induction of D-type cyclins fits well with models based on mechanisms of oncogenesis that involve abrogation of the cell cycle checkpoints at the G1/S interface and which allow the fixation of unrepaired oncogenic mutations following DNA replication.
The causative relationship between cyclin D upregulation and cancer is clearly seen in hereditary gastric cancer. Genetic aberrations of E-cadherin (CDH1) and/or components of the Wnt signaling pathway which regulates cyclin D1 expression ( Fig. 1) have been linked to the development of the familial form of diffuse gastric cancer. [23] [24] [25] [26] [27] The oncogenic mutations involved bring about loss of E-cadherin function or altered functioning of Wnt components that result in increased nuclear localization of β catenin which in turn, leads to heightened expression of cyclin D1. 26, 27 Although sunlight predominantly comprises ultraviolet A (UVA), skin cancers are generally believed to be induced by the ultraviolet B (UVB) component of solar radiation. [28] [29] [30] Recently, Burns et al. 31 reported a mouse model of carcinogenesis in which arsenic appeared to function as a comutagen in the induction of skin carcinomas brought about by UVB irradiation. These authors also proposed that the oncogenic properties of arsenic might stem from upregulation of cyclin D that acts to force epidermal cells containing UV-damaged DNA to transit into S phase.
Cyclin D1 expression has been shown to be induced in human keratinocytes exposed to arsenite at submicromolar concentrations, 32 and there is also evidence that UVB can induce expression of cyclin D1 in skin. 30 Because the evidence suggests that arsenic may act synergistically with UVB during carcinogenesis we sought to test the idea that both stimuli might act to effect the induction of cyclin D1 through a common mechanism. Figure 1 . The WNT signaling pathway. Activation of the "canonical" pathway is primarily mediated via the binding of soluble Wnt ligand(s) to Frizzled (Frz), a serpentine receptor, and the low density lipoprotein receptor-related (LRP) co-receptors, LRP5 and 6. Upon activation Dsh is released from its complex with the cytosolic domain of the Frz receptor and acts to inhibit the proteolytic degradation of β catenin. Targeting of β catenin for proteolysis is accomplished by axin-mediated phosphorylation (in association with a large complex that includes glycogen synthase kinase 3β [GSK-3β], adenomatous polyposis coli (APC), type 2 protein serine/threonine phosphatase [PP2A]). If proteolysis of β catenin is blocked by Dsh β catenin is translocated into the nucleus. Cytoplasmic levels of β catenin are also regulated by cell-cell and/or cell-substrate interactions via E-cadherin and integrin cell surface receptors respectively. In the case of E-cadherin, β catenin bound to the actin cytoskeleton with α catenin is released into the cytoplasm by receptor activation. In the cytoplasm, β catenin may either be translocated into the nucleus or targeted for degradation by phosphorylation. Integrins act to modulate cytoplasmic levels of β catenin by inactivating GSK-3 by phosphorylation thereby inhibiting the proteolytic degradation of β catenin mediated by the GSK-3/APC/PP2A/ axin complex.
Methods irradiation and arsenite treatment of cultured normal human epidermal keratinocytes (nHeK).
Cryopreserved, normal human epidermal keratinocytes (NHEK; Cambrex Bioscience, Walkersville, MD) were grown in keratinocyte basal medium at 0.15 mM calcium and supplemented with 5 mg/ml insulin, 0.1 ng/l recombinant epidermal growth factor, 0.4% bovine pituitary extract, 0.5 mg/ml hydrocortisone, 50 mg/ ml gentamicin and 50 ng/ml amphotericin-B (KGM; Invitrogen, Carlsbad, CA). For experiments in which cells were treated with sodium arsenite prior to UVB irradiation, the culture medium was replaced with fresh medium containing 400nM sodium arsenite (NaAsO 3 ) and the irradiated 24 hours later using an FS20 lamp as the UVB source (1.425 mJ/cm 2 /minute) as described previously 33 . cDNA Microarray analyses. For microarrays analyses NHEK cells were grown up to 70% confluence and pretreated with 400 nM sodium arsenite prior to irradiation for 45 seconds with an FS20 light source as described above. Twenty four hours later total RNA to be used as template for creation of cDNA probes was isolated from cells using a guanidine thiocyanate extraction kit (SV total RNA isolation kit; Promega, Madison, WI) and protocol provided by the manufacturer.
cDNA microarray probes. RNAs (approximately 2 mg) were reverse transcribed using MMLV reverse transcriptase together with a CDS specific primer mix to make RNA-cDNA hybrids using reagents supplied by the array manufacturer (BD BiosciencesClontech, Inc., Pala Alto, CA). cDNA probes were radioactively labeled by the inclusion of α-[ cDNA probe hybridization. The microarray membranes used were Human cancer array (576 genes) and Human 1.2 array (1,203 genes; BD Biosciences-Clontech, Inc. Palo Alto, CA, product numbers 7742-1 and 7745 respectively). The membranes were rinsed in deionized water and then prehybridized at 68°C with hybridization solution provided by the manufacturer for at least 30 minutes. Radiolabeled probe was added to the hybridization solution and hybridization was then performed overnight at 68°C. The membranes were then washed three times with saline-sodium citrate (SSC) and SDS (2X SSC, 1% SDS at 68°C followed by 0.1X SSC, 0.5 % SDS at 68°C for the fourth wash, followed by 2X SSC at room temperature). The array membranes were then wrapped and exposed to a phosphor storage screen which and radioactive signals were scanned into a digital file using a STORM 840 phosphoimager. Signals from the membranes were then analyzed using AtlasImage 2.0 software (BD Biosciences-Clontech) using the total integrated signal value from each membrane for normalization.
Relative quantification of cyclin D1 gene expression and promoter methylation by real time PCR. For cyclin D1 expression total RNA was extracted from cells in each experimental condition as indicated and cDNAs were prepared using a Protoscript first strand cDNA synthesis kit (New England Biolabs, Ipswitch, MA) with reagents and protocol provided by the manufacturer. Relative quantification (RQ) of cyclin D1 expression was carried out by real time PCR using an Eppendorf Mastercycler® ep realplex real time thermocycler and a SYBR green PCR master mix from Applied Biosystems (Carlsbad, CA). The amplimers used for the cyclin D1 cDNAs were:
RQ values were calculated from the Ct values (RQ52 -Ct
) and results are expressed as ratios of the RQ values for arsenite treated or irradiated to untreated-unirradiated controls (RQ exp /RQ tcon ).
Bisulfite conversion/methylation analysis. For quantitative measurement of levels of promoter methylation we used the bisulfite conversion method in which nonmethylated cytosine residues are converted to uracils by bisulfite treatment. The ratio of RQ values for amplification of untreated to bisulfite treated templates using methylation-specific primers gives a measure of the percentage residues methylated within the primer region. For these analyses we employed the EZ methylation-Gold kit from Zymo Research Corp. (Irvine, CA) and the methylation-specific primers:
These amplimers span the region of the cyclin D1 promoter containing the four overlapping sp1 binding sites spanning nucleotides 2102 to 2145. Western blotting for p53 expression. Western blotting was carried as previously described 32 using a p53 antibody from Cell Signaling Technology (Danvers, MA).
results
p53 expression was examined as a marker of cellular response to DNA damage brought about by UVB irradiation to determine whether arsenite alone, or in combination with irradiation would induce p53 in the NHEK system. As seen in Figure 2 , treatment of NHEK with sodium arsenite at submicromolar concentrations induced p53 expression. Irradiation of the cells with UVB either alone, or after pretreatment with arsenite also induced p53 in a dose dependent manner. Microarray analyses of arsenite treated NHEK irradiated for four minutes (5.7 mJ/ cm 2 ) showed that the expression of several components of the Wnt signaling pathway that regulate cyclin D1 transcription ( Figure 3) were upregulated. The induction patterns under all three experimental treatment (arsenite, UVB and arsenite plus UVB) were highly similar to one another for genes in the Wnt/cyclin D1 pathway but were dissimilar for other classes of genes (e.g., stress response, MAP kinase, apoptosis, growth factor related and others). Of genes representing components of the Wnt signaling pathway, most of the cadherins appeared to be affected very little by either arsenite or UV. Frizzled and its homologs were slightly induced in the presence of both arsenite and arsenite together with UV irradiation, but not by UV alone. Among several Wnts detected in the arrays, Wnt-2 showed a striking induction by arsenite, UVB irradiation and arsenite together with UVB. Expression of the other Wnts (5A, 8B, 10B/12, and 13) was only slightly increased by arsenite or UVB irradiation while Wnt-10B/12 and Wnt-13 were induced by 2.5-and 2.8-fold respectively in the cells exposed to both UVB radiation and arsenite. Expression of β-catenin exhibited a slight increase in arsenite treated cells but not in cells exposed only to UVB or UV plus arsenite. Expression of the integrins was increased at 400 nM arsenite. Integrins alpha 4, alpha E, beta 1, and beta 6 showed strong induction while the others exhibited only a slight increase in arsenite treated NHEK. On the contrary, expression of most integrins in UVB irradiated NHEKs remained unchanged or decreased. The combination of UV with arsenite also lowered the expression of most integrins. Integrin linked kinase (ILK) and the disheveled (DVL) genes were induced about three and two-fold in arsenite treated cells while adenomatous polyposis coli protein (APC) only increased about 1.2-fold. UVB also increased the expression of ILK but not APC and DVL.
To examine the inductive effects of arsenite and UVB in more detail we studied cyclin D1 expression over a period of five days after arsenite treatment or irradiation (Figure 4 ). Cyclin D1 induction by either agent was found to increase markedly over time, reaching values of about 4.5-fold after five days of arsenite treatment and more than 13-fold over the five-day period after UVB irradiation. When levels of promoter methylation were examined we found that there was a progressive decrease in methylation over time (Figure 4, top panel) . For the arsenite treated cells, about 21% of the templates were methylated on the first day of treatment but this decreased to about 2.5% by the fifth day. For irradiated NHEK, approximately 11% of the template copies were methylated on the first day but methylation was undetectable by the third day after irradiation.
Discussion
Regulation of cyclin D1 is effected by both arsenite at submicromolar concentrations and low levels of UVB radiation. The microarray induction profiles in Figure 3 show a striking similarity between the effects of UVB irradiation and arsenite for components of the Wnt signaling pathway and cyclin D1. This stands in contrast to the induction patterns of other cyclins and cyclin dependent kinases (Figure 3, top panel) and genes involved in growth factor response and apoptosis (not shown). The hedgehog (Hh) signaling pathway has been shown to intersect with the Wnt pathway in oncogenesis by altering levels of E cadherin 34 and induction of cyclin D1. 35 Our microarrays contained cDNAs for three components of the hedgehog signaling pathway: sonic hedgehog (SHH), patched (PTC), and smoothened (GX). All of these showed induction by arsenite alone (induction ratios 3.0, 3.5, and 2.1 respectively) and in UVB irradiated cells pretreated with arsenite (induction ratios 3.1, 4.3, and 7.4 respectively) suggesting that there may be a role for the hedgehog pathway in induction of cyclin D1 by these agents. A recent study by Udensi et al. 36 described microarray analyses of gene expression in a cell line of human keratinocytes subjected to long term exposure to As 2 O 3 . This study found upregulation of Aldo-Keto Reductase C3, Insulin Growth Factor-Like (IGFL1), Interleukin 1 Receptor, type 2, and Tumor Necrosis Factor (TNFSF18) suggesting arsenic-induced activation of inflammatory processes and aberrant stimulation of cell proliferation. In our results IGF was found to be induced by sodium arsenite by approximately 2.2-fold but induction of cytokines/cytokine receptors (out of 23 present on the array) and TNF was not found. The differences between these array results likely reflect the large difference between the concentrations of arsenic employed; Udensi et al. used much higher concentrations of arsenic than those used here (about 100-fold higher) and in our studies gene expression was examined after a 24 hour exposure to arsenic as opposed to long term exposure of arsenic. In a study of the effects of arsenite on human fibroblasts and HaCat cells, Snow et al. 37 found that submicromolar concentrations differed significantly in their cellular effects. Submicromolar concentrations of arsenite lowered oxidative stress (lowered production of reactive oxygen species), stimulated proliferation and enhanced the activity of DNA repair enzymes whereas supramicromolar concentrations were apoptotic and antiproliferative and brought about increased levels of oxidative stress and DNA damage.
The time-course experiments ( Figure 4) showed that both agents brought about a marked time-dependent increase in cyclin D1 expression and there was a corresponding decrease in cyclin D1 promoter methylation. DNA methylation is mediated by methyltransferase which acts shortly after synthesis of daughter strands during DNA replication. Therefore these findings are consistent with the idea that the inductive effects of both agents result from patterns of methylation established during DNA replication. The fact that changes in patterns of methylation requires cell division explains why the loss of methylation continues over a time period encompassing several rounds of cell division. The changes in methylation in response to UVB irradiation are particularly interesting since this finding suggests that processes affecting methylation may be constitutively active over relatively long periods of time after the stimulus (irradiation) that initiates them. It may be that this is related to the phenomenon of methylation imprinting in which patterns of CpG island methylation are maintained within cell lineages and including those comprising tumors. 38 DNA methylation in response to ultraviolet radiation has been described in a number of systems 39 and has recently been implicated in the development of skin cancers. 40, 41 Altered patterns of methylation of the CpG islands of the promoters of certain target genes might be expected to be seen in individuals living in arsenic contaminated areas as compared to those in uncontaminated regions and certain patterns of methylation could have some utility as biomarkers of exposure arsenic and possibly other metals. Moreover, if changes in methylation patterns of genes involved in growth control are potentiated by arsenic in response to solar radiation then methylation patterns might also serve as predictors of disease progression in skin cancer. If so, this may have application to discerning differences in disease progression in different racial and ethnic subpopulations. The idea that oncogenic stimuli may act via epigenetic mechanisms is a relatively new perspective in the area of cancer research and raises the possibility that oncogenic processes may be more reversible than previously believed and that it may be possible to design epigenetic tools as antioncogenic countermeasures.
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